In this work, we study the dependence of the lifetime () of an autoionizing state with the velocity (v P ) of an ionic projectile of charge Z. We use a C2 model to represent the final state of the autoionized electron in the continuum of two centers. Explicit calculations for the helium autoionizing states 2s 2 ( 1 S), 2p 2 ( 1 D), and 2s2p( 1 P) are analyzed. We evaluate the decay law for the metastable initial state and find that increases as the projectile becomes faster and converges to the photoionization lifetime for high impact energies. A scaling law for is obtained in terms of the Sommerfeld parameter (Z/v P ). Finally, we evaluate the transition probability for the autoionized electron and show that the mean half-width of the focusing peak decreases as v P increases.
I. INTRODUCTION
In the past few years, the theoretical description of the autoionization process has been improved by several semiclassical and quantum models ͓1-6͔. The atomic autoionization process by ion impact consists of a two-step process. The first one is the excitation of an atom by a heavy projectile. The second is the decay of the excited state and the emission of an electron to the continuum. The first model proposed to describe this effect was presented by Barker and Berry ͓7͔, based on phenomenological grounds. In their work, they studied the SDCS as a function of the autoionized electron energy. They observed that as the projectile energies are lowered, the autoionization peak shapes become wider and more asymmetric. This could be linked to the fact that a wider peak shape is related with a shorter lifetime of the excited state. The first quantum-mechanical model was developed by Devdariani et al. ͓1͔ and neglects the interaction between the autoionized electron and the projectile, this interaction being represented by a plane wave. This approximation implies that the projectile modifies the energy but has no influence on the trajectory of the emitted electron. This model is not consistent since, due to its infinite range, the electron-projectile Coulomb interaction does not vanish at large distances. The eikonal model proposed by Morgenstern et al. ͓2͔ preserves a logarithmic distortion to represent the electron-projectile interaction in an asymptotic form. Although it introduces more information about the postcollisional interaction than the previous model, the angular distribution predicted by this model was incorrect for small angles in momentum space of the autoionized electron. Barrachina and Macek have shown that their continuum distored-wave ͑CDW͒ model ͓3͔, representing the electronprojectile interaction with a Kummer function, contains previous models as particular cases in different regions of the velocity space. Furthermore, this model successfully predicted the existence of a sharp enhancement in the intensity profile for electrons ejected at zero angle. The electrons emitted at small angles are in the continuum of two centers and become focused by the field of the projectile. That is to say, this model predicts that the postcollisional interaction of the projectile does affect the trajectories of the autoionized electrons. This behavior, known as Coulomb focusing, was observed experimentally by Swenson et al. in 1989 ͓8͔. Other authors studied the Stark effect for the autoionizing states of helium ͓4,5͔. In their works, they explore the fact that a low-energy projectile ͑below 10 keV for He ϩ -He) could excite an atom not to a definite state but to a mixture of excited states.
The transition amplitude for the autoionization process can be written as ͓9͔
͑2͒
Here E 0 represents the resonant energy, Z the projectile charge, v P the projectile velocity, 1/r 12 represents the interelectronic repulsion that is considered as perturbation, i is the autoionizing state, and ␣ is the final state consisting of an electron in the continuum and the other one in a bound state. The solid angle element of the integral is d⍀ϭsin d d, where is the angle between the projectile velocity vector v P and the autoionized electron velocity vector v. The photoionization values for ⌫ are used in the CDW model. The ⌫ is related to the inverse of the lifetime of the autoionizing state and is assumed independent of the projectile. However, the emitted electron is in a continuum state of two ionic centers and, therefore, the lifetime of the discrete initial state must depend on the projectile velocity. That is not taken into account in former models. In this paper, we work out the relation between two center functions and excited-state lifetimes. The autoionizing initial state could be represented by products of hydrogeniclike functions ͓10͔ with effective charges.
The hydrogenic one-electron wave functions are a good approximation at intermediate distances from the nucleus and these functions are assumed to be orthogonal due to the small difference between the self-consistent fields for the initial and final configurations. The final-state wave function depends on the approximation taken for the kinetic-energy operator. The C2 function ͉␣ t ͉͘␣ p ͘, i.e., a product of continuum wave functions centered in the target and projectile, is the solution corresponding to an uncorrelated problem. That is to say, it considers the final state of an electron in two centers as the product of two wave functions, each one being a solution of a two-body Coulomb problem. More elaborate wave functions can be proposed as expansions in terms of Kummer functions to represent the electron in the continuum of both target and projectile. For these expansions, the C2 function becomes the zero-order term as has been proved by Gasaneo et al. ͓11͔ . Their ⌽ 2 model leads to a two-variable confluent hypergeometric function, which gives a kinematically correlated picture of an electron in the continuum of two centers. Such functions seem to be a good way to introduce the information contained in the nondiagonal kinetic energy, usually neglected. In this work, using an independent-particle model, we consider the autoionizing processes for He ϩ colliding with He in the intermediate metastable states
To represent the final continuum state of the ejected electron, we use an uncorrelated C2 model. In Sec. II, we summarize the main calculations that have been performed to obtain the time integral of ⌫. The main contributions to the time-dependent transition amplitude are shown for the three autoionizing states studied. In Sec. III, some conclusions and outlooks are drawn. Possible implications of the introduction of a correlated wave function for the final state of the autoionized electron are also mentioned. Atomic units are used unless otherwise stated.
II. THE C2 MODEL
The important advance given by the C2 model consists in the better description of the angular distribution of the autoionized electrons, as we have already pointed out in the Introduction. Our main objective is to investigate the possible dependence of the lifetime of an excited state with the projectile velocity. For that reason, in this section we calculate the transition matrices needed to obtain an expression for the time integral of ⌫ that appears in Eq. ͑1͒. From Eq. ͑2͒,
where, in an impact parameter approximation ͓3͔,
and vЈ is the velocity of the electron relative to the projectile. In Eq. ͑4͒, a peaking approximation has been performed since the integrand of the matrix element ͗␣ t ͉1/r 12 ͉ i ͘ is strongly confined to the vicinity of the target nucleus ͓3͔.
For the three excited states, Eq. ͑3͒ should reduce to the known photoionization values ⌫ ph when one sets Zϭ0. To calculate the transition matrix elements, we propose the wave functions n 1 ,n 2 ͑ r 1 ,r 2 ͒ϭ n 1 ͑ ,r 1 ͒ n 2 ͑ ,r 2 ͒, ͑5͒
where n i (,r j ) is a hydrogenic wave function with effective charge . For the 2s2p( 1 P) state, we use the wave function 2s,2p ͑ r 1 ,r 2 ͒ϭ 1 ͱ2
Although more elaborate wave functions could be used in these calculations, they notably simplify the analytical work to be performed giving the main features of the process. 
The value ͉b i (v P ,t)͉ 2 represents the probability that the electron stays in the excited state at time t. For tϭ0, b i (0) ϭ1 and the system is in the corresponding excited state. In Fig. 1 , we have plotted ͉b i (v P ,t)͉ 2 as a function of time. As can be seen when the autoionized electron-projectile interaction is taken into account, the continuum states are populated more rapidly than in the photoionization case. That is to say, the time that ͉b i (v P ,t)͉ 2 takes to decay to the value e Ϫ1 is shorter when the autoionized electron-projectile interaction is considered. When the projectile velocity is incremented, the collision time is shorter and the results become closer to the photoionization ones. In the limit v P →ϱ, the photoionization curves are recovered. In Table I , the values are given for the three autoionizing states and are compared with the photoionization ones. In Fig. 2 , we plot as a function of the Sommerfeld parameter Z/v P for the three autoionizing states studied. The v P values are varied between 0.1 a.u. ͑1 keV for He ϩ ) and 0.4 a.u. ͑16 keV for He ϩ ), and we consider Z an integer number between 0 and 6. For Z/v P ϭ0, we recover the photoionization values ph ϭ⌫ ph Ϫ1 . This case corresponds to Z p ϭ0 or v P →ϱ, and represents null interaction between the projectile and the autoionized electron. As the quotient value increases, the values decrease as shown, giving a clear picture of how slow projectiles modify the lifetime of the excited states.
A scaling law of with Z/v P can be obtained with a nonlinear fitting procedure. We proposed
with fitting parameters a,b. The c value is taken equal to ph such that for Z/v P ϭ0 one recovers ϭ ph . In Table II , the a, b, and c values are given for the three autoionizing states studied, and they give the best fitting to . The errors associated with the fitting parameters in Eq. ͑8͒ are of about Ϯ2% for a and Ϯ1% for b. The autoionization probability is obtained by a further numerical integration of Eq. ͑1͒. In Fig. 3 peak at three different collision energies. As can be seen, for lower energies the intensity of the peak decreases and the full width at half maximum of the peak increases. However, the main effect is not produced by the dependence of ⌫ with v P .
To analyze this situation, we evaluate the transition amplitude for the autoionization process by noting that it is possible a linear fit for long times:
This can be easily included in Eq. ͑1͒, incorporating the projectile velocity dependence in A. Some values obtained for A from Eq. ͑9͒ are listed in Table III for the three autoionized states studied. The transition amplitude obtained from Eq. ͑1͒ considering Eq. ͑9͒ remains:
͑10͒
This is equivalent to the results of previous models, except by a multiplying factor e ϪA(v P ) , which modulates the intensity profiles for different projectile velocities. Figure 4 shows the dependence of e ϪA(v P ) with the projectile velocity. The range of projectile energies studied was between 5 keV and 15 keV. As can be seen, this quantity varies smoothly with the projectile velocity for the three excited states and A→0 when v P →ϱ. The state 2s 2 ( 1 S) seems to be the more affected one by the action of the projectile. This could be due to the fact that we carry on a zero impact parameter approximation and the 2s 2 ( 1 S) state is located closer to the target nucleus than the other states. Now we can consider again Fig. 3 . The v P dependence of the mean life of the initial metastable state gives a small multiplicative correction to the curves, as observed from Fig.  4 . The final-state three-body function used in the evaluation of the interaction matrix determines the main dependence of the peak with v P .
We analyze the angular distributions by defining, following Cordrey and Macek ͓5͔,
which is proportional to the cross section d/d⍀ and E ϭv 2 /2. We extend the lower integration limit to Ϫϱ, proving that for EϽ0, b(␣)ϭ0. Performing a peaking approximation vϭv a ϭͱ2 E 0 , only a common factor exp(iEt ϪiEtЈ) remains under the energy integral. With 
͑12͒
where v a Јϭ͓v a
and d a ϭv P v a Ј Ϫv P •v a Ј . With Eq. ͑11͒, we can write Eq. ͑12͒ in terms of the Gauss hypergeometric function 2 F 1 (a,b,c,z) as follows ͓13͔:
Other than by the exponential factor, this expression is identical to that given by former models. The correction to the shape of the angular distribution is independent of the projectile velocity. The electron velocity distribution is determined by
where d⍀ϭ2 sin d. This quantity is proportional to the SDCS in energy. In Fig. 5 , we show F (v,v P ) as a function of the autoionized electron velocity. As can be seen, for lower energies the profile of the peak becomes more asymmetric and wider, in agreement with the observations of Barker and Berry.
III. CONCLUSIONS AND OUTLOOK
In this work, we have studied the autoionization of He by ion impact. We have focused our attention on the influence of a He ϩ projectile in the properties of the autoionizing states 2s 2 ( 1 S), 2p 2 ( 1 D), and 2s2p( 1 P). We make use of a CDW model, where the final state is described by a twocenter Coulomb wave function. The autoionizing states of two bound electrons were modeled by a simple symmetrized hydrogenic wave function with effective charges. They have been selected to give the correct ⌫ ph value when the projectile charge is turned off.
We have found that the lifetime of the states is modified by the projectile leaving the collision region. The lifetime decreases when the velocity of the projectile decreases. Furthermore, when the strength of the electron-projectile interaction increases, i.e., Z p increases, the lifetime also decreases. This fact can be easily understood: the projectile pulls the electron into the continuum more quickly ͑in a faster way͒ when the collision time is larger, that is to say, when the velocity v p is small. The same effect can be obtained by a projectile with a higher charge. A suitable way to represent the combination of these two effects is to plot the lifetime of each state against the Sommerfeld parameter Z p /v p . We have found that the lifetimes follow a universal power law, ϰ(Z p /v p ) b , with this Sommerfeld parameter. This scaling is useful to predict the behavior of autoionizing states in more general situations that are frequently hard to obtain experimentally. The limiting cases Z p →0 and/or v p →ϱ are also correctly described by our model. We note that our results agree with the lower lifetime values proposed by Morgenstern et al. from a fitting procedure using the lifetimes of the autoionizing states as fitting parameters ͓14͔. We have also found that, for long times, an exponential factor modulates the transition amplitude of the collision. This factor has a smooth variation with the projectile energy. This could be important when taking into account the interference between different autoionizing states and with direct ionization, for comparison with experimental DDCS. We would like to point out that these results become more relevant for projectiles of very low energy where the Stark effect should be considered. Their inclusion in a model such as the one developed by Miraglia and Macek ͓4͔ or Cordrey and Macek ͓5͔ as cited above could be directly performed.
We have obtained the transition amplitudes by numerical integration for the 2s 2 ( 1 S) state. We have shown that for lower energies the profile of the focusing peak becomes lower and wider, in agreement with the results of Barker and Berry ͓7͔.
Finally, we should note that the use of more sophisticated initial states ͑that keep the correct ⌫ ph values when the projectile charge is set to zero͒ and/or the introduction of a correlated two-center wave function to represent the autoionized electron could give even shorter lifetimes than the ones obtained in this work ͓14͔.
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